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We identified a novel group of the Ras/GTPase superfamily, termed Roc, that is present as domain in complex proteins together with other
domains, including leucine-rich repeats (LRRs), ankyrin repeats, WD40 repeats, kinase domains, RasGEF and RhoGAP domains. Roc is
always succeeded by a novel 300–400-amino-acid-long domain, termed COR. Proteins with Roc/COR are present in prokaryotes,
Dictyostelium, plants and metazoa.
D 2003 Elsevier B.V. All rights reserved.Keywords: Roc; Ras/GTPase; ProteinMembers of the Ras/GTPase superfamily are small
proteins that usually do not possess additional domains
[1,2]. We recently characterised a complex protein in the
slime mould Dictyostelium discoideum that contains Ras/
GTPase, MAPKKkinase and several other domains [3]. This
protein was termed GbpC for cGMP binding protein C.
Knock-out studies indicate that this protein is essential for
efficient chemotaxis, cell polarization and myosin II phos-
phorylation [4]. The human protein KIAA1790 was also
found, which contains homology to the kinase and Ras/
GTPase domains, and also shows substantial homology to
the 45-kDa region between these domains. Here we present
the identification of several other proteins that have a similar
domain architecture. As discussed below, the Ras domains
in these proteins form a novel subfamily of small GTPases.
We termed this domain Roc for Ras of complex proteins.
Furthermore, we propose the name COR (C-terminal of
Roc) for the region between the Roc and the kinase
domains, and Roco protein for the family of proteins that
contain both Roc and COR domains.1. Searching for Roco proteins
The amino acid sequences of the Roc/COR domain of
Dictyostelium GbpC (amino acid 331–877) and the human0167-4889/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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search the SWISS-PROT (http://www.ncbi.nlm.nih.gov/
BLAST/) and Dictyostelium (http://www.sanger.ac.uk/
Projects/D_discoideum/ and http://dicty.sdsc.edu/) sequence
databases using BLASTP and TBLASTN. This revealed a
number of homologous sequences, which were used for
further BLAST and PSI-BLAST searches. The identified 40
independent sequences were submitted to the online MEME/
MAST system (http://meme.sdsc.edu/meme/website/) [5]
for searching still other potential weak scoring proteins.
MEME/MAST found all previous hits from the Genbank/
SWISS-PROT database, but no additional sequences with
significant identity to the Roc/COR domains or the COR
domain alone.
Roco proteins were found in prokaryotes, Dictyostelium,
plants, and metazoa but not in Plasmodium and yeast.
Remarkably, we found that the Roc and COR domains are
always connected and we did not observe any proteins
containing either the Roc or the COR domain alone,
indicating that these two domains might function as one
inseparable unit.2. Domain architecture of Roco proteins
The identified Roco proteins fall apart in three groups
(see Fig. 1). The first group was found in mammals
(MASL1), the plant Arabidopsis and in some prokaryotes,
including several archea and cyanobacteria. In these pro-
teins the Roc domain is always preceded by 8–18 leucine-
Fig. 1. Domain architecture of the Roco proteins. The domains are leucine-rich repeat (LRR), Ras in complex proteins domain (Roc), domain C-terminal of
Roc (COR), ankyrin repeat (ANK), MAPkinase kinase kinase domain (MAPKKK), WD40 repeats (WD40), N-terminal motif of RasGEF (N-GEF), DEP
domain, a domain with unknown function found in dishevelled, Egl-10 and Pleckstrin proteins (DEP), Ras guanine nucleotide exchange factor domain
(RasGEF), GRAM domain, a domain in glucosyltransferases, myotubularins and other putative membrane-associated proteins (GRAM), cyclic nucleotide
binding domain (cNB), Rho guanine nucleotide exchange factor domain (RhoGEF), Pleckstrin homology domain (PH), Rho GTPase activating protein domain
(RhoGAP), Kelch motif (K), regulator of G protein signalling domain (RGS), Ser/Thr protein kinase domain (kinase), FAS/TNF cytosolic interaction domain
(DEATH).
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that are involved in protein–protein interactions [6].
The second group of Roco proteins is present in
Dicyostelium and metazoa. In these proteins the COR
domain is always succeeded by a kinase domain that
belongs to the MAPKKK subfamily of kinases; the Roc
domain is again preceded by 3–16 LRRs (see Fig. 1). In
metazoan Roco1 proteins, the LRRs are preceded by five
to seven Ankyrin (ANK) repeats, which are 33-amino-
acid-long repeats that are also involved in protein–protein
interactions [7]. In human, mouse and rat, a second Roco
protein was identified that does not contain ANK repeats
but has two WD40 repeats after the kinase domain.Surprisingly, in Dictyostelium, as many as nine new
different homologous sequences were identified (GenBank
AY232265, AY232266, AY232267, AY232268,
AY232269, AY232270, AY232271, AY232272,
AY232273), in addition to the previously mentioned
GbpC, and Pats1, a recently described protein that plays
a role in cytokinesis [8]. Apart from the LRRs, the Roc,
COR and MAPKKK domains, Dictyostelium Roco pro-
teins contain a remarkable diversity of other domains,
including beta propeller forming repeats (WD40 and Kelch
motif), and domains that interact with small G-proteins
(RasGEF, RhoGEF and RhoGAP) or heterotrimeric G-
proteins (RGS).
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sively metazoan tumour suppressor death-associated pro-
tein kinases (DAPk). The Roc domain of these well-
characterised proteins has not been studied in detail,
except for the recognition of its P-loop [9] or GTPase
[10]. The COR domain of DAPk is followed by a death
domain, which is found in proteins with apoptotic func-
tions [11]. Furthermore, this is the only group of Roco
proteins in which the Roc domain is not preceded by
LRRs. Instead, seven to nine ANK repeats and a protein
kinase domain are located at the N terminus. This kinase
domain does not belong to the subgroup of MAPKKKs
but is related to Ca2 +/calmodulin-regulated kinases.Fig. 2. Dendrogram of the Ras/GTPase superfamily containing 21 Roc
domains and 34 other small G-protein domains from the four subgroups,
Ras, Rab/Ran, Arf and Rho/Rac. The dendrogram was constructed with the
Fitch program from the PHYLIP package [16] using an alignment that was
created with ClustalW [12]. All 21 Roc domains were clustered in a
monophyletic group; for clarity some were deleted from the figure.
Numbers refer to bootstrap values and indicate that the distinction between
the five groups is very reliable; within the Roc domain only bootstrap
values above 50% are shown. Nodes with bootstrap values below 50% are
present in two small regions of the tree, indicated by the grey areas. Species
abbreviations are Hs, Homo sapiens; Ce, Caenorhabditis elegans; Dm,
Drosophila melanogaster; Ag, Anopheles gambiae; Dd, Dictyostelium
discoideum; At, Arabidopsis thaliana; Np, Nostoc punctiforme; Ct,
Chlorobium tepidum; Te, Trichodesmium erythraeum; Ns, Nostoc sp
(PCC 7120); Ma, Methanosarcina acetivorans.3. Features of the Roc and COR domain
Although the Roc domain clearly belongs to the Ras/
GTPase superfamily (see below), SMART and Pfam give
poor expectation values for Ras/GTPase domains in the
Roco proteins (expectation value above e 06), and in
fact Ras/GTPase domains are not recognized by SMART
or Pfam in about half of the sequences. This is also the
case for DAPk, which explains why the small GTPase
domain has not been initially identified in this well
studied protein.
The Roc and COR domains of the obtained sequences
were aligned using the program ClustalW [12]. A full
alignment including the MAPKKK domain can be viewed
in Appendix A. The alignment of the Roc domains of 20
Roco proteins from pro- and eukaryotes was comple-
mented with about nine members of each of the four well
established groups of the Ras/GTPase superfamily, Ras,
Rho/Rac, Arf and Rab/Ran [1]. Cluster analysis of this
dataset (Fig. 2) reveals that Roc stands out as a separate
monophyletic group of the Ras superfamily of small
GTPases, clearly distinguished from the other four groups,
which is supported by rather high bootstrap values. Within
the Roc family, sequences from prokaryotes and eukar-
yotes are placed in separate groups, but bootstrap values
at the base of the eukaryotes are rather low and not
significant (see Fig. 2).
The small GTPases possess five loops with defined
functions [13]. It appears that four loops are conserved in
Roc/GTPases, including the amino acids involved in GTP-
binding and hydrolysis (Fig. 3). The only exception is the
G5 loop, which is mainly involved in the stabilisation of
amino acids from the G4 loop that interact with the guanine
nucleotide [14]. Accordingly, the amino acids in the G4
loop are also somewhat different in most of the Roc
domains. Most striking is a histidine in all Roc domains
from eukaryotes that is a lysine in conventional small
GTPases. The methylene group of this lysine provides
hydrophobic surface that lies over the purine ring, while
in some structures the e-amino group is hydrogen-bonded
with an exocyclic oxygen of the ribose ring [15]. Thehistidine at this position may indicate an altered interaction
between Roc and GTP. Roc domains have a few other
common characteristics that separate them from other
GTPases, such as an insertion between the P-loop and switch
I (see Appendix A). Furthermore, they have a 17-amino-acid
N-terminal extension (see Fig. 3) that is strongly predicted
to form an a-helix according to the secondary structure
prediction program PROF (http://www.embl-heidelberg.
de/predictprotein/predictprotein.html). This extension is im-
mediately preceded by an LRR in all Roco proteins except
for DAPk.
The COR domain that succeeds the Roc domain is a
300–400-amino-acid-long region that does not show
significant sequence homology to any domain or protein
described today. Regions with high homology (Fig. 3) are
frequently interrupted by insertions, especially in the
Roco proteins from Dictyostelium. In the latter, the
insertions are mostly repeats of asparagines and other
hydrophilic amino acids, which is a common phenomenon
Fig. 3. Sequence alignment of some parts of the Roc and COR domains. The alignment shows the five loops that interact with GTP from 27 Roc domains and
from one representative of the other four small GTPase subfamilies. The linker that connects the LRRs with the Roc domain is shown at the N terminus, and the
connection with the COR domain is presented at its C terminus of Roc. Residues that interact with the nucleotide in the structure of Ha-Ras are marked with a
red dot. Nine stretches of conserved sequence are presented for the COR domain, as well as its connection with the kinase domain. The amino acids of the Roc
and COR domains are indicated by numbers, referring to the amino acid sequence of Hs-H-Ras and Hs-DAPk, respectively. The alignment was coloured
according to a 75% consensus using CHROMA [17]: yellow background, hydrophobic (VLIMAFY); blue, positively charged (HKR); red, negatively charged
(DE); magenta, charged (HKRDE); green, small (GASC); cyan, alcohol (ST); green on yellow, aromatic (FYWH); grey background indicates a conserved
amino acid. See Fig. 2 for abbreviations.
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Fig. 3 (continued ).
L. Bosgraaf, P.J.M. Van Haastert / Biochimica et Biophysica Acta 1643 (2003) 5–10 9for proteins in this organism. The Roco proteins that
contain a MAPKKK domain C-terminal of the COR
domain all share a 30-amino-acid sequence motif just
before the kinase domain that is absent in the other Roco
proteins. Possibly, this region serves as a linker between
the Roc/COR domains and the kinase domain or it may
be part of the kinase itself.
The kinase domain that follows the COR domain in
many Roco proteins is most closely related to the
subfamily of MAPKKkinases; cluster analysis of about
a hundred kinase domains strongly support the classifica-tion of the kinase domains of Roco proteins as MAPKKK
(data not shown). Interestingly, one of the effectors of Ras
proteins is MAPKKK, suggesting that the Roc domain
might activate its own MAPKKK domain, thus acting as
an intramolecular signalling cascade.4. Function of Roco proteins
Three Roco proteins have been investigated to some
extent until now, human DAPk and the Dictyostelium
L. Bosgraaf, P.J.M. Van Haastert / Biochimica et Biophysica Acta 1643 (2003) 5–1010proteins GbpC and Pats1. DAPk is a Ca2 +/calmodulin-
regulated Ser/Thr kinase that positively influences apo-
ptosis [9]. DAPk can phosphorylate myosin light chain,
which results in membrane blebbing. Furthermore, it
associates with actin microfilaments, which is essential
for its death-promoting activity. Interestingly, the region
that is essential and sufficient for this interaction (amino
acid 641–835) overlaps with the first half of the Roc
domain; it starts at 26 amino acids before the N-terminal
extra a-helix that the Roc domains have, and ends shortly
after the switch II region [9].
GbpC is a protein that is critical for cell polarity and
chemotaxis [4]. It exerts its action, at least in part, by
activating myosin II light chain phosphorylation, which is
required for cell polarization. Since GbpC contains a
kinase domain, we suggest that it can phosphorylate
myosin kinases or an upstream kinase. Pats1 is a protein
that was recently discovered that plays a role in cytokine-
sis [8]. Furthermore, it was observed that in cells lacking
the pats1 gene, myosin heavy chain did not properly
localize to the cleavage furrow.
Although some members of the Ras/GTPase have been
found in association with other domains, Roc is the first
Ras-related subfamily that is exclusively present in com-
plex proteins. Many intriguing questions are now to be
addressed, such as how does its structure compare to that
of the other members of the superfamily, how is the
protein activated, what is the role of the COR domain,
and especially what is the functional target of Roc. The
MAPKKkinase domain provides an exciting candidate for
intramolecular signal transduction. For the three Roco
proteins studied so far, all seem to be involved in cyto-
skeletal rearrangements. However, since this group of
proteins is rather diverse, it remains to be determined
whether this is a general feature of the Roco proteins.
With this in mind, it is remarkable that the Roc domain of
DAPk is essential and sufficient for association of the
protein to the cytoskeleton.Appendix A
A full alignment of the Roc and COR domains can be
found at http://www.rug.nl/scheikunde/onderzoek/program-
mas/cellBiochemistry/.References
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